The purpose of this paper is to study dynamic interactions among capital accumulation, environmental change and labor distribution. We try to synthesize the growth mechanism in the neoclassical growth theory and the environmental dynamics in traditional models of environmental economics within a comprehensive framework with an alternative approach to household behavior. We build a model which describes a dynamic interdependence among physical accumulation, environmental change and division of labor under perfect competition with environmental taxes on production, wealth income, wage income and consumption. We simulate the model to demonstrate existence of equilibrium points and motion of the dynamic system. The simulation demonstrates some dynamics which can be predicted neither by the neoclassical growth theory Solow model nor by the traditional economic models of environmental change.
Introduction
The purpose of this study is to study interactions between environmental change and economic growth. In recent years environmental issues have received more attention than ever. Global warming threatens living conditions of mankind and local environmental catastrophes are daily reported in TVs. It is challenging for economists to explain economic mechanisms and consequences of environmental changes. Environmental issues have increasingly caused attention in the literature of economic growth and development (see [1] [2] [3] ). As mentioned by [4] , one can find three effects that are important in explaining the level of environmental pollution and resource use. The three effects are: 1) increases in output tends to require more inputs and produce more emissions; 2) changes in income or preferences may lead to policy changes which will affect production and thus emission; and 3) as income increases, the economic structure may be changed which will causes changes in the environment (see [5] [6] [7] ). It is argued that the net effect of these effects tends to result in the environmental Kuznets curve. Kuznets [8] postulated that economic growth and income inequalities follow an inverted U-curve. The environmental Kuznets curve refers to the same relation between environmental quality and per capita income. A recent survey on the economic models for the curve is given by [7] . Nevertheless, a large number of empirical studies on the environmental Kuznets curve for various pollutants find different relations-for instance, inverted U-shaped relationship, a U-shaped relationship, a monotonically increasing or monotonically decreasing relationship-between pollution and rising per capita income levels (see [4, 9, 10] ). The ambiguous or situation-dependent relations between environmental quality and economic growth and the inability of economic growth theory for properly explaining these observed phenomena implies the necessity that more comprehensive theories are needed.
Economic growth often implies worsened environmental conditions. Growth also implies a higher material standard of living which will, through the demand for a better environment induces changes in the structure of the economy to improve environment. As a society accumulates more capital and makes progresses in technology, more resources may be used to protect environment. Tradeoffs between consumption and pollution have been extensively analyzed since the publication of the seminal papers by [11, 12] . Issues related to interdependence between economic growth and environment have been examined from different perspectives. This paper is concentrated on tradeoffs between economic growth, consumption, and pollution. Pearson [13] classifies determinants of the environmental quality into demand and supply. The supply side includes the population, levels of economic activities, structures of production and consumption, efficiencies, use of different fuels and materials, and external factors. The demand side includes the price of environmental quality, preference, and information and its acquisition. As reviewed by [7] , most studies of the environmental change take account of either supply side or demand side, but not both within a single analytical framework. As both production and consumption pollute environment, it is important to take account of all these effects within a compact framework.
This study attempts to make a contribution to the literature by examining interdependence between savings and dynamics of environment with an alternative approach to consumers' behavior. It is an extension of the growth model with environment proposed by [14] . It is similar to the dynamic model by [15] in many aspects. Like in [15] , we allow capital allocation between commodity production and pollution abatement; but different the previous model in which labor is omitted in the economy and neglect possible pollution due to consumption, we allow labor allocation between commodity production and pollution abatement and explicitly treat consumption as a source of pollution. We also use an alternative approach to household behavior. Rather than taking account of environmental action by firms and households, this study introduces environmental taxation on firms (outputs), wealth income, and wage income. There are models with environmental tax incidence (see, [16, 17] ). Our approach differs from the traditional approaches mainly with regard to how the environmental taxation affects behavior of households. The paper is organized as follows. Section 2 introduces the basic model with wealth accumulation and environmental dynamics. Section 3 examines dynamic properties of the model and simulates the model, identifying the existence of a unique equilibrium and checking the stability conditions. Section 4 studies effects of changes in some parameters on the system. Section 5 concludes the study. The appendix proves the analytical results in Section 3.
The Basic Model
The economy has one production sector and one environmental sector. Most aspects of the production sector are similar to the standard one-sector growth model (see [18, 19] ). It is assumed that there are only one (durable) good and one pollutant in the economy under consideration. It should be noted that the traditional approach in the environmental economics usually assumes a single pollutant. Nevertheless, many production processes are accompanied by the emissions of multiple pollutants. For instance, [20] develop a model of optimal abatement with multiple pollutants. The pollutants can be either technological substitutes or complements (see [21] [22] [23] ). Households own capital of the economy and distribute their incomes to consume the commodity and to save. Exchanges take place in perfectly competitive markets. We assume a homogenous and fixed population. The labor force is distributed between the two sectors under perfect completion in labor market. We select commodity to serve as numeraire (whose price is normalized to 1), with all the other prices being measured relative to its price.
The Production Sector
In the literature of environmental economics, pollution may affect productivity through the channel that pollution directly affects production technology or the productivity of any input (see [24] [25] [26] [27] ). We assume that production is to combine labor force,
We add environmental impact to the conventional production function. The production function is specified as follows 
(2) where k  is the fixed depreciation rate of physical capital and i  is the fixed tax rate, 0
where
. Per capita current income from the interest payment and the wage payment is given by
where k  and w  are respectively the tax rates on the interest payment and wage income. We call   y t the current income. The per capita disposable income is
The disposable income is used for saving and consumption. At each point of time, a consumer would distribute the total available budget among saving,   s t and consumption of the commodity, . The budget constraint is given by
where c  is the tax rate on the consumption. It should be noted that this study does not explicitly take account of consumers' awareness of environment. For instance, consumers may prefer to environment-friendly goods when their living conditions are changed. With regard to how much money the economic agent should spend on environmental improvement, [28] holds that at a lower level of pollution, the representative agent does not care much about environment and spends his resource on consumption; however, as the environment becomes worse and income becomes higher, more capital will be used for environmental improvement. We may take account of changes in consumers' behavior, for instance, by assuming that the representative consumer spends a proportion of the disposable income on environment or the tax rate on the consumer's consumption is explicitly related to income and consumption level.
At each point of time, consumers decide   s t and For simplicity of analysis, we specify the utility function as  .  is called the propensity to consume and 0  the propensity to own wealth. A detailed explanation of the approach and its applications to different problems of economic dynamics are provided in [14] . It should be noted that in [29, 30] , it is assumed that utility depends negatively on pollution, which is a side product of the production process. As reviewed by Munro [31] , "environmental economics has been slow to incorporate the full nature of the household into its analytical structures. … An accurate understanding household behavior is vital for environmental economics." Our approach to household behavior is still over-simplified as, for instance, we analyze an economy with a single good and a single pollutant. We will deal with household behavior more realistically by, for instance, introducing multiple goods into the utility functions and each good has distinct features with regard o pollution (and may be subject to different environmental policies). We may also take account of family structure in the modeling. How to take account of different aspects of reality is illustrated by [14] , even though it may be difficult to construct practically meaningful and analytically tractable models.
For the representative consumer, wage rate   w t and rate of interest   r t are given in markets and wealth   k t is predetermined before decision. Maximizing
 
U t subject to budget constraint (4) yields
In this study, the pollution does not directly affect the household's decision. This occurs because we omit, for instance, space in our model at this initial stage. If we explicitly introduce urban structure, then the pollution will directly affect households' decisions through the decision on choice of residential location of households.
We now find dynamics of capital accumulation. According to the definition of   s t the change in the household's wealth is given by
The equation simply states that the change in wealth is equal to saving minus dissaving. As output of the production sector is equal to the sum of the level of consumption, the depreciation of capital stock and the net savings, we have
where   C t is the total consumption,    
is the sum of the net saving and depreciation. We have
C t c t N S t s t N  
Let N and   K t stand respectively for the (fixed) the population and total capital stock. The labor force is allocated between the two sectors. As full employment of labor and capital is assumed, we have
We now describe dynamics of the stock of pollutants,   E t . We assume that pollutants are created both by production and consumption. We specify the dynamics of the stock of pollutants as follows
in which , We now determine how the government determines the number of labor force and the level of capital employed for purifying pollution. We assume that all the tax incomes are spent on environment. The government's tax incomes consist of the tax incomes on the production sector, consumption, wage income and wealth income. Hence, the government's income is given by
Ono [36] introduces tax on the producer and uses the tax income for environmental improvement in the traditional neoclassical growth theory. For simplicity, we assume that the government's income is used up only for the environmental purpose. As there are only two input factors in the environmental sector, the government budget is given by 
We need an economic mechanism to analyze how the government distributes the tax income. We assume that the government will employ the labor force and capital stocks for purifying environment in such a way that the purification rate achieves its maximum under the given budget constraint. The government's optimal problem is given by 
The optimal solution is given by We have thus built the dynamic model. We now examine dynamics of the model.
The Dynamics and Its Properties
This section examines dynamics of the model. First, we introduce a new variable by      
. We now show that the dynamics of the economic system can be expressed by the two-dimensional differential equations system with   z t and as the variables.
 
E t Lemma 1
The economy is governed by the 2-dimensional differential equations
  
The population is fixed at 5. The propensity to save is much higher than the propensity to consume the commodity and the propensity to consume the renewable resource. Under (15), the dynamic system has a unique equilibrium point. The equilibrium values are given as in (16) 
The two eigenvalues are and . This guarantees the stability of the steady state. Hence, the dynamic system has a unique stable steady state. 0.55  0.14 
Lemma 2
If the parameter values are specified as in (15) , the 0 dynamic system has a unique stable equilibrium.
With the initial conditions, and
we plot the motion of the system as in Figure 1 . The length of the simulation period is 40, which is long enough for the system approach its unique equilibrium point. The national capital stock and capital stocks employed by the two sectors are increased over time. The disposable income, current income, the output level of the industrial sector, the wage rate and consumption level are all increased. The labor force shifts from the production sector to the environmental sector over time. The rate of interest falls as the capital intensity is increased. The level of pollution rises initially and then falls.
As far as the standard one-sector neoclassical growth theory (i.e., the Solow model) is concerned, our model predicts the same growth pattern. Nevertheless, our economic structure contains environmental aspects. We now show that our model identifies the environmental Kuznets curve. To see clearly the relation between the current income and the environmental change, we plot the two variables in 20 years as in Figure 2 . It should be remarked that in this study we assume that the environmental tax rates are not dependent on the economic and environmental conditions. It is more realistic to assume that the tax rates are related to these conditions. It expected that within this modeling framework (without other externalities and endogenous knowledge), if the tax rates are, for instance, positively related to the economic conditions, then the equilibrium level of pollution should be lower and it would take less time for the system to start experiencing environmental improvement.
Comparative Dynamic Analysis
This section examines effects of changes in some parameters on the motion of the economic system. First, we study the case that all the parameters, except the speed that consumption pollutes the environment, are the same as in (15) . We increase the parameter in the following way:
: 0.1 0.12. of consumption, there are more pollutants. As the environmental condition is deteriorated, the productivity becomes lower, which leads to less capital and lower wage rate. As the dynamic system has a unique stable equilibrium, it approaches its steady state. We now raise the propensity to save the following way:
0 : 0.6 0.62.
 
The simulation results are demonstrated in Figure 4 . The effects of a rise in the propensity to save are quite similar as the effects of a rise in the saving rate in the Solow model. The output of the production sector, wage rate, capital stocks and income are increased. It should be noted that different from the Solow model, the short-term as long-term consumption level is increased in our model. This occurs partly because as the consumers save more out of the income, capital is increased. As capital is increased, some workers shift their jobs in the environmental sector to the production sector. Hence, although the rise in the propensity to save tends to reduce consumption, the net effect is to raise consumption. The environment is im-proved over time mainly because a higher propensity to save leads to increases in the environmental sector total effort, .
If we raise the environmental tax rate on consumption as follows:
: 0.05 0.07   , then the dynamic path of the economic system is shifted as illustrated in Figure 5 . Initially, the economic system suffers and the environment deteriorates. But soon the economic conditions are improved and the environment becomes better.
Concluding Remarks
This study built a model which describes a dynamic interdependence among physical accumulation, environ- 2.0 1.5 1.0 0.5 mental change and division of labor under perfect competition with environmental taxes on production, wealth income, wage income and consumption. We synthesized the growth mechanism in the neoclassical growth theory and the environmental dynamics in traditional models of environmental economics within a comprehensive framework with an alternative approach to household behavior. We simulated the model to demonstrate existence of equilibrium points and motion of the dynamic system. The simulation demonstrates some dynamics which can be predicted neither by the neoclassical growth theory Solow model nor by the traditional economic models of environmental change. We may extend the model in some directions. For instance, we may introduce leisure time as an endogenous variable. Munro [31] correctly points out: "In the unitary model, the household acts as if it is a single individual maximizing a single utility function in the face of one budget constraint. It is a simplifying modeling assumption that is widely used in most branches of economics, but it is wrong. The fact that the unitary model is inaccurate is well-known and has been known for many years now." It is important to take account of family structure as well as economic structure in analyzing relations between growth and environmental change. As demonstrated by [37] , consumers voluntarily pay significant price premiums to acquire environmental attributes in environment-friendly products. Whether fast economic growth will hurt or improve environmental quality is also dependent on the pollutant (see [9] ). We may analyze this issue by introducing multiple goods into the model. Another important extension of this research is to study dynamic interdependence among economic growth, health and environment (see [32, [38] [39] [40] ).
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